arXiv:1509.03409v2 [hep-ph] 16 Sep 2015 


Constraints on gauge-Higgs unification models 

at the LHC 


Noriaki Kitazawa0 and Yuki SakaH 

Department of Physics, Tokyo Metropolitan University, 
Hachioji, Tokyo 192-0397, Japan 


Abstract 

We examine the possibility of observing the Kaluza-Klein gluons in gauge-Higgs unification 
models at the LHC with the energy y/s = 14 TeV. We consider a benchmark model with the 
gauge symmetry SU(3)cx SU(3)w hr five-dimensional space-time, where SU(3)c is the gauge 
symmetry of the strong interaction and SU(3)rv is that for the electroweak interaction and a Higgs 
doublet field. It is natural in general to introduce SU(3)c gauge symmetry in five-dimensional 
space-time as well as SU(3)w gauge symmetry in gauge-Higgs unification models. Since the fifth 
dimension is compactified to S'^/Z 2 orbifold, there are Kaluza-Klein modes of gluons in low-energy 
effective theory in four-dimensional space-time. We investigate the resonance contribution of the 
hrst Kaluza-Klein gluon to dijet invariant mass distribution at the LHC, and provide signal-to-noise 
ratios in various cases of Kaluza-Klein gluon masses and kinematical cuts. Although the results are 
given in a specific benchmark model, we discuss their application to general gauge-Higgs unification 
models with Kaluza-Klein gluons. Gauge-Higgs unification models can be verified or constrained 
through the physics of the strong interaction, though they are proposed to solve the naturalness 
problem in electroweak symmetry breaking. 
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1 Introduction 


Gauge-Higgs unification (GHU) model is a candidate of the physics beyond the Standard Model (SM) 
in higher dimensional space-time with compactified extra dimensions. It is one of the models with 
large extra dimensions Blais]. In general GHU models there are infinite number of Kaluza-Klein 
(KK) modes of the fields in higher dimensional space-time, which correspond to infinite number of 
discretized momenta in extra dimensions. The KK zero modes, which correspond to the states with 
zero momenta in extra dimensions, are massless in low-energy effective theory in four-dimensional 
space-time. The lowest KK non-zero modes, “the first KK modes”, have masses of the order of 
compactification scales which are the inverse of the sizes of the extra dimensions. The KK zero mode 
of a gauge field is decomposed into two parts: the components of four-dimensional space-time consist 
a gauge field and the components of extra dimensions are scalar fields in four-dimensional space-time. 
The explicit gauge symmetry breaking at the orbifold fixed points in the orbifold compactification 
of extra dimensions [4] makes those scalar fields possible to be Higgs doublet fields for electroweak 
symmetry breaking. 

The basic idea of GHU model were introduced in B El 0 El 19|. The finiteness of the quantum 
correction to the Higgs mass is expected by the higher dimensional gauge invariance, since the Higgs 
doublet field originates from higher dimensional gauge field uni EH. The basic idea for realistic mass 
hierarchy among quarks and leptons were proposed in [niEaEi ESj. It is a non-trivial problem, 
because the Higgs doublet field universally interacts with all the fermions due to the restriction of 
gauge principle. In Ea Ea E5| quarks and leptons are assumed to be localized at orbifold fixed 
points, and the mixings with heavy extra fermions living in the whole space-time, “bulk”, generate 
their Yukawa couplings with Higgs doublet field. In |14j quarks and leptons are introduced as bulk 
fermions, and their non-trivial distributions in extra dimensions due to their bulk masses generate 
Yukawa couplings with Higgs doublet field. 

In contrast to extensive studies on electroweak sector, less attention has been payed on the strong 
interaction or QCD sector. In view of the above idea of GHU model it is natural to assume that the 
gauge symmetry of the strong interaction is also the gauge symmetry in higher dimensional space- 
time. Therefore, KK gluons naturally exist in GHU models in general. Searching for the signals of 
KK gluons gives constraints to the models, because the masses of KK gluons are related to the sizes 
of compactified extra dimensions. The sizes of compact extra dimensions are directly connected to the 
energy scale of electroweak symmetry breaking in GHU models BEIEI, and too small sizes of compact 
extra dimensions, or too heavy KK gluons, contradict the observed electroweak scale. Although the 
constraints to the sizes of compact extra dimensions through the KK modes of electroweak gauge 
bosons have been discussed in [1611171E8] . for example, GHU models can be tested in a complementary 
way from the physics of the strong interaction. Notice that GHU models without KK gluon may be 
possible, and we do not discuss the constraints to these class of models in this paper. 

There have already been many investigations into the physics of KK gluons at the LHG, in case of 
flat compact spaces mm and in case of warped extra dimensions Systematic general 

studies of the massive color-octet vector boson productions have already been given in [241 [25]. In 
this paper we specially concentrate on the physics of KK gluons in GHU models. 

We discuss the constraints to the mass of KK gluon in a simple benchmark GHU model in five¬ 
dimensional space-time with an orbifold compactification. The gauge symmetry of the strong interac¬ 
tion is introduced in the bulk as well as the electroweak gauge symmetry. This benchmark model is 
used as a starting point to discuss general nature of the KK gluon in GHU models, and the pursuit 
of realistic models is beyond the scope of this paper. We investigate the signal of the first KK gluon 
state in dijet process, pp —)• jj, at the parton level. We further discuss how the results apply to more 
general GHU models with KK gluons. 

This paper is organized as follows. In the next section, we introduce a benchmark GHU model with 
SU(3)c'xSU(3)w gauge symmetry in five-dimensional space-time. The fifth dimension is compactified 


1 


in I7j2 orbifold. We investigate in detail the couplings between quarks and KK gluons which 
depend on the Yukawa couplings of the quarks under the scenario in m- In section [3l we discuss 
the contribution of the KK gluon to dijet invariant mass distributions at the LHC with the energy 
y/s = 14 TeV. The signal-to-noise ratios in various cases of KK gluon masses and kinematical cuts are 
given, and the constraints on the benchmark GHU model is discussed. The arguments to translate 
the constraints to general GHU models with KK gluons are given. In section UJ we summarize our 
results. 

2 Kaluza-Klein gluons in gauge-Higgs unification models 

In this section we introduce a simplest five-dimensional GHU model in which the gauge symmetry 
SU(3)cxSU(3)iy is imposed in five-dimensional space-time. The gauge symmetry SU(3)c' is related 
to the gauge symmetry of the strong interaction in four-dimensional space-time. We should extend 
the electroweak gauge symmetry, because the Higgs field is electroweak doublet. We consider SU(3)w 
gauge symmetry as a minimal extension containing the electroweak gauge bosons and a Higgs doublet. 
The compactification of an extra dimension in j7j2 orbifold realizes the chiral theory. The coordinate 
of the extra dimension, y, takes the value in the interval [0, L]. Since SU(3)c' gauge symmetry, which 
results the gauge symmetry of the strong interaction in four-dimensional space-time, is imposed in 
five-dimensional space-time, gluon field is expanded in KK modes. 

The action and Lagrangian density of the benchmark model with the fifth dimension compactified 
on j7i2 orbifold is 

S = ld^xdyC, = + (I) 

where indices of capital letters run over 0 to 4, and D stands for covariant derivative, 

p = r^DM, r^ = (7^i75). (2) 

Here, G and F denote field strengths corresponding to SU(3)c' and SU(3)vi/; respectively. 

Gmn = ^mG% — OnG^ — g5f^^^G\^G%, F^^^ = dMA‘^ — ~ ( 3 ) 

The indices of small letters stand for adjoint indices of SU(3). The function e(y) is the sign function 
and M is the bulk mass of the fermion. Though the function can be any anti-symmetric functions in 
general, we choose this simple form of the bulk mass term. In this paper we adopt the mechanism for 
fermion mass hierarchy of m, but note that detailed structure to obtain realistic masses and mixings 
of quarks and leptons does not affect our final results. 

The invariance of the action under the translation y to y + 2L (corresponding to compactifica¬ 
tion) and the parity y to —y (corresponding to Z 2 identification) sets the boundary conditions to the 
fields. 


'^{x,y) = ^{x,y + 2L) = P-/ 5 ^{x,-y), (4) 

Af^ix, y) = A^{x, y + 2L) = PA^{x, -y)P\ (5) 

Aiix, y) = A^x, y + 2L) = -PA^x, -y)P^. (6) 

Here, P is a certain unitary matrix which belongs to SU(3)iy- The boundary condition Eq.Q re¬ 
alizes chiral fermions in low-energy effective theory in four-dimensional space-time. If we choose 
P = diag(—1, —1,1), the gauge symmetry is broken at the orbifold fixed points from SU(3)w to 
SU(2)xU(l) by the boundary conditions Eqs.([5]) and ([6]). The only components of the fields with 
even Z 2 parity can have the massless KK zero modes. The electroweak gauge fields and Higgs doublet 
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field arise from the KK zero modes of and ^ 4 , respectively. On the other hand, the boundary 
conditions for SU(3)c' gauge fields are set to be 

G^,{x,y) = G^{x,y+ 2L) = G^,{x,-y), (7) 

Gi{x, y) = Gi{x, y + 2L) = -Gi{x, -y), ( 8 ) 

so that unbroken SU(3)c gauge symmetry of the strong interaction is realized in four-dimensional 
space-time. These boundary conditions show that all the fields are on a circle, y G [0,2L) with the 

point y = 2L identified with y = 0, and the boundaries y = 0,L are the fixed points of Z 2 orbifold. 

We decompose the fermion T into two chiral components in four-dimensional space-time, Tj-, where 

T = 75T± = ±T±. (9) 


The configurations of the fermion field and gauge fields with even parity are symmetric at the 
fixed points, and the configurations of the fermion field and gauge fields with odd parity are 
antisymmetric at the fixed points. 

The KK mode expansions of the gauge fields are 


^Mix,y) = 




00 

^M^'’{x) + V2'^ (x) cos (^y) 


n=l 

nn 


(^y) , 

'' n=l 


Gl;{x,y) = 




G+W(x) + V2£G+W(x)cos(^y 


<^4 {x,y) = -^^G 4 ^’"^(x)sin(^y) , 

^ n=l 


n=l 

niT 

T 


( 10 ) 

( 11 ) 

( 12 ) 

(13) 


where -|- or — denote the parity assignment. The mass of the field of n-th KK mode is given as 
rrin = nvr/L which depends on the size of the compact extra dimension L. The fermion fields are 
expanded by an orthonormal set of mode functions which depends on the form of the bulk mass term. 

^±(a:,y) = 

n=0 


The zero mode functions satisfy 

[^54 + Me(y)]/f (y) = 0 (15) 

under the present simple form of the bulk mass, and we obtain the zero mode functions as 

These functions can be understood as the wave functions of the zero mode fermions in the extra 
dimension. 

The couplings in four-dimensional effective theory are given by the integrals over the extra dimen¬ 
sion. The couplings between zero mode fermion fields and gluon field are obtained as 

yi, = ysy ^ ■^^l/-^(y)P<iy, ^ 
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Figure 1: The dependence of the coefficient of V ^92 in Eq. (j22j) on ML (Left panel). The dependence 
of the coefficient of g^/y/L in Eq.([20]) on ML (Right panel). 


where gi and gn correspond to the gluon couplings with left-handed and right-handed fermions, 
respectively. These coupling constants should coincide with each other, because the strong interaction 
is vector-like in the SM. In fact performing the integrals yields the relation of 55 to the strong coupling 
constant gs- 


gi = gR = 


g5 


gs- 


Through the same procedure we obtain the relation of g'^ to weak coupling, g 2 , in the SM. 


92 = 


95 

y/M' 


The couplings between the first KK gluon, and zero mode fermions are obtained as 




1 + 


^ ^ S<‘>. 


UPL^ +P1- /t 

In large ML limit the coefficient of g^/y/L becomes to 1, and we obtain a simple relation 

g^^^ ~ y/2gs. 


(18) 


(19) 


( 20 ) 


( 21 ) 


Note that the first KK gluon field behaves as an axial vector field, like axigluon [26]. This is the result 
of choosing a simple form of the bulk mass term in Eq.([T|). In general the coefficient function e(y) may 
be any anti-symmetric functions, and the first KK gluon field is not necessarily an axial vector field. 
In the following we consider this simplest case for a while, and later we will discuss what happens in 
general cases. 

We show the validity of assuming large ML in the calculations of the amplitudes of the processes 
at the LHC. The Yukawa coupling between Higgs doublet and fermions is given by 


'-L 


M 


1 — e 


-2ML 


^-M\y\ 95 


M 


:,2ML 


- 1 




ML 


y^cosh(2ML) — 1 


y^92 


( 22 ) 


Since we consider the physics at the LHC, the fermion should be up or down quark, and their Yukawa 
coupling is 0(10“^) times \/ 2 g 2 - The left panel of Fig. [1] shows the shape of the function in front of 
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V2g2 in Ea. (l22l) . We can read ML = 14 ~ 15 for small Yukawa couplings of up and down quarks. 
The right panel of Fig. [T] shows the shape of the function in front of g^/y/L in Eq. (l2np . The value of 
ML = 14 ~ 15 results the value of the function to be about 0.99. Therefore, the relation (I2ip can be 
used for our aim. Of course this result strongly depends on the present simple form of the bulk mass, 
and the value = y/2gs can be translated to be the maximal value of It is worth to mention 
that in the models with quarks localized at orbifold fixed points, it has been shown that the couplings 
of KK gluon with massless quarks are also \/2s's |20] . We will take into account the model dependence 
by dealing with a parameter less than y/2gs. 


3 Search for the KK gluon in dijet invariant mass distribution 


In order to search for the KK gluon in the process of pp —>• jj at the LHC experiments, we first 
consider the scatterings of two partons into two parton final states. Next, we take into account the 
parton distribution functions of proton and obtain the cross section of the process pp —)• jj under the 
assumption that two outgoing partons generate two jets. Then, we calculate the dijet invariant mass 
distributions with various values of the mass of KK gluon and various kinematical cuts. 

The squared amplitude of the process of two identical partons, q = u,d or their anti-particles, 
scattered by one KK gluon exchanges is 




-h u^) + 16 


32 {{i — mi){u — ml) + 


{u — mf)^ + (miTj^ 


+- 


= |A4 


{(t — -|- (miTj^l {(u — mf)^ + (miTj^j 

. o 


99 1 


(23) 


where ag = glfAir, s, t and u stand for Mandelstam variables of partons, and mi and T are the mass 
and width of the first KK gluon, respectively. Since the present KK gluon is axial vector, gluon fusion 
can not generate single KK gluon. We will discuss the possibility of gluon fusion at the end of this 
section. The squared amplitudes of the process of parton and antiparton of the same flavor scattered 
by one KK gluon exchanges are 


\M{qq qq)\ = 16 


(Svras)" 


(s — mf)2 -1- (mir)2 


+ u^) + 16 


(Svras 


(t — m\)‘^ + (miTj^ 


{s^ + u^) 


+■ 


32 


(Svrosj^ {('S - rni){i - mf) + (miT)^} 


\M{qq 


q'q')? = 16 


3 |(s — -|- (miTj^l {(t — -|- (miTj^j 

(87ras)2 


(s — )2 -)- (mir )2 




(24) 

(25) 


We define \M.qq\‘^ as the sum of these two squared amplitudes 


\Mqq\^ = iV/ X 16 
32 


(StTOs 


r(P+ ^ 2 ^ + 16- 


(SttcTs 


+ 


(s — mf)2-I-(mir)2 ^ ^ ' (t — mf)2-I-(mir)2 

(S-Kas)'^ {{s - ml){i - mf) + (miT)'^} 

3 |(s — mf)^-|-(mir)^} {(t — mf)^-|-(mir)2} ’ 


(s" + u^) 


(26) 


where we introduce Nf > 2 as the number of quarks which couple to the KK gluon with the maximal 
value of the coupling V^gs- In our benchmark model we only consider the quarks which couple to the 
KK gluon with the maximal coupling. The squared amplitude of the process of two different partons 
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Figure 2: Dijet invariant mass distributions by ordinary two body QCD scattering processes (brown) 
and by one KK gluon exchanges in case with rapidity cuts \y\ < 2.5 (left column), 2.0 (middle column) 
and 1.5 (right column) with = 30 GeV (upper row) and p™™ = 500 GeV (lower row) at y/s = 14 
TeV. We choose Nf = 6 in the amplitude of one KK gluon exchanges. The lines with cyan, red, blue 
and green correspond to the KK gluon masses mi = 4, 5,6 and 7 TeV, respectively. 


scattered by one KK gluon exchanges is 


\M{qq' 


QQ 


= 16- 


(Svras 


(s^ + u^) = \M 


(t^ — mly + [miVY 


m 


(27) 


The decay width of the first KK gluon is given by T = Vj-ce^mi/S assuming its decay to Nf quark 
anti-quark pairs with the maximal coupling. These squared amplitudes give the signal of KK gluon in 
dijet invariant mass distribution. On the other hand, the ordinary QGD process by gluon exchanges 
produce the background in dijet invariant mass distribution. 

The formula of the dijet invariant mass distribution is derived in the following way. The relation 
between the cross section of dijet events in two-proton scattering process and the cross sections of 
two-parton scattering processes is described as 


o'(Pi(A) + P2(-P2) ji{pi) + j2{P2)) 

d^i [ d^2(r{i{pi) + JiPj) k{pk) + l{pi))Ni{^i)Nj{^2), (28) 

Jo 



where pi, p 2 denote incoming protons, ji, j 2 denote observed jets, ^i, ^2 are the momentum fractions 


6 


El 

PE 


6 = 


El 

P 2 ' 


(29) 
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S/y/B with f Ldt = 25 fb ^ 


maximum of y 

2.5 

2.0 

1.5 

p”” = 30 GeV 

mi = 4 TeV 

24 

37 

55 

mi = 5 TeV 

8.6 

14 

21 

mi = 6 TeV 

3.1 

5.0 

7.7 

mi = 7 TeV 

1.1 

1.8 

2.7 

= 500 GeV 

mi = 4 TeV 

30 

37 

55 

mi = 5 TeV 

9.4 

14 

21 

mi = 6 TeV 

3.2 

5.0 

7.7 

mi = 7 TeV 

1.1 

1.8 

2.7 


S/y/B with f Ldt = 100 fb ^ 


maximum of y 

2.5 

2.0 

1.5 

= 30 GeV 

mi = 4 TeV 

47 

75 

110 

mi = 5 TeV 

17 

28 

42 

mi = 6 TeV 

6.3 

10 

15 

mi = 7 TeV 

2.2 

3.5 

5.5 

= 500 GeV 

mi = 4 TeV 

60 

75 

110 

mi = 5 TeV 

19 

28 

42 

mi = 6 TeV 

6.3 

10 

15 

mi = 7 TeV 

2.2 

3.5 

5.5 


Table 1; Signal-to-noise ratios corresponding to various masses of KK gluon and kinematical cuts 
in case of = 6 at y/s = 14 TeV with the integrated luminosity f Ldt = 25 fb~^ (Left table) and 
f Ldt = 100 fb“^ (Right table). 


and Alj(^i), Nj{^ 2 ) are the parton distribution functions of protons for initial partons i and j, respec¬ 
tively. The cross section in Eg. (1281) can be written in the form 

[^j^2 do-(pi(Ri) + P2(R2) jljPl) + j2{P2)) 

J dM‘^ 

= j / dC2cr{i{pi) + j{pj) k{pk) + l{pi))Ni{^i)Nj{^2)d{M‘^ - s), (30) 

^ J 

where M = y/I is the dijet invariant mass assuming that two partons result two jets. 

Partons are scattered in the frame which is boosted from proton center-of-mass frame. When a 
boost velocity from the parton center-of-mass frame to the proton center-of-mass frame is given by 
j3 = tanhT, pseudo-rapidities of observed jets, yi and 2 / 2 , are written as 

yi=Y + y, y 2 = Y -y, (31) 


where y is the pseudo-rapidity of outgoing partons, k and I, in the parton center-of-mass frame. By 
taking independent variables as 


and use the relations of 


y = -{yi - y2), 


t = -- 


m 2 


,-y 


2 cosh y ’ 
M y 

6 = , 
Vs 


Y = -{yi +y 2 ), 


u = -- 


m 2 ey 

2 cosh y ’ 


6 = 

Vs 


(32) 


(33) 

(34) 


we can obtain the formula of the dijet invariant mass distribution from Ea. (j30p . 


d(j{pi{Pi) +V2{P2) jl{Pl) +J2(P2)) 
dM^ 


2 cosh2 y -y/i 




di 
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Figure 3: Dijet invariant mass distributions by ordinary two body QCD scattering processes (brown) 
and by one KK gluon exchanges in case with rapidity cuts \y\ < 2.5 (left column), 2.0 (middle column) 
and 1.5 (right column) with = 30 GeV (upper row) and p™™ = 500 GeV (lower row) at y/s = 14 
TeV. We assume Nf = 2 in the amplitude of one KK gluon exchanges. The lines with cyan, red, blue 
and green correspond to the KK gluon masses mi = 4, 5,6 and 7 TeV, respectively. 


where fi{x) = xNi[x). The possible range of Y is 


, \/s ... 1 aA 

- In — < K < In 
M M 


(36) 


with the proton center-of-mass energy y/s. The necessary differential cross sections of partons are 
described by the corresponding squared amplitudes with spin- and color-averaged factor as 


da{ij —)• kl) 
di 


1 1 1 
IGvr 36 


\M{ij kl)\^. 


(37) 


We show in Fig. [2] the dijet invariant mass distributions at y/s = 14 TeV with the MRSTMCal 
parton distribution function of proton from m- We choose Nf = 6, namely all the quarks couple 
to the KK gluon with the maximal coupling by which we can start from the case of wide 

resonance structures. The kinematical cuts are chosen as pT > 30 GeV or 500 GeV and \y\ < 2.5, 2.0 
or 1.5. Since the mass of axigluon, which is very similar to the KK gluon in this benchmark model, 
is constrained to be heavier than 3.6 TeV by the GMS experiment at the LHG [28], we take the mass 
of first KK gluon as 4, 5, 6 or 7 TeV. We see in Fig. [2] that rapidity cut is more effective than pT cut. 
The stronger rapidity cuts give less number of QCD events with almost no reduction of the number of 
events by KK gluon exchange. This is due to the fact that the production of a single heavy particle, 
namely the KK gluon, in s-channel contributes to the events with larger scattering angles. The pT 
cut is relatively effective in case of weaker rapidity cuts. 
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S/y/B with f Ldt = 25 fb ^ 


maximnm of y 

2.5 

2.0 

1.5 

p”” = 30 GeV 

mi = 4 TeV 

35 

55 

81 

mi = 5 TeV 

12 

20 

29 

mi = 6 TeV 

4.2 

6.8 

10 

mi = 7 TeV 

1.4 

2.2 

3.4 

= 500 GeV 

mi = 4 TeV 

44 

55 

81 

mi = 5 TeV 

13 

20 

29 

mi = 6 TeV 

4.2 

6.8 

10 

mi = 7 TeV 

1.4 

2.2 

3.4 


S/y/B with f Ldt = 100 fb ^ 


maximum of y 

2.5 

2.0 

1.5 

= 30 GeV 

mi = 4 TeV 

70 

110 

160 

mi = 5 TeV 

24 

39 

59 

mi = 6 TeV 

8.4 

14 

21 

mi = 7 TeV 

2.8 

4.5 

6.9 

= 500 GeV 

mi = 4 TeV 

87 

110 

160 

mi = 5 TeV 

26 

39 

59 

mi = 6 TeV 

8.5 

14 

21 

mi = 7 TeV 

2.8 

4.5 

6.9 


Table 2; Signal-to-noise ratios corresponding to various masses of KK gluon and kinematical cuts 
in case of = 2 at y/s = 14 TeV with the integrated luminosity f Ldt = 25 fb~^ (Left table) and 
f Ldt = 100 fb“^ (Right table). 


We employ the signal-to-noise ratio to present the statistical significance of the signals. We define 
the signal-to-noise ratio as the number of signal events by KK gluon exchanges divided by square root 
of the number of events by QCD processes. The number of events is obtained by integrating the dijet 
invariant mass distribution over the range from mi — 250 GeV to mi -|- 250 GeV independent from 
the value of mi. We consider only the events near the resonance by the KK gluon, because we are 
neglecting the interference effect between KK gluon processes and QGD processes. The signal-to-noise 
ratios corresponding to 25 fb“^ and 100 fb“^ of integrated luminosity at ^/s = 14 TeV are given in 
Tabled) If we take the criteria of discovery as that the value of signal-to-noise ratio is larger than 5, 
the LHG with ^/s = 14 TeV and luminosity 100 fb“^ has ability to detect mi < 6.2 TeV with \y\ < 2.5 
and mi < 7.2 TeV with \y\ < 1.5. The number of signal events is 127 when KK gluon mass is 7 TeV 
at \y\ < 1.5 with the integrated luminosity of 100 fb~^. 

Now we consider the model dependence. We first reduce the number of quarks with the maximal 
coupling from Nf = 6 to Nj = 2, namely, only np and down quarks can conple with the KK gluon. 
We show in Fig. [3] dijet invariant mass distributions in this case. The structure of the resonance 
becomes more evident due to the reduction of the decay width. The integration range of the dijet 
invariant mass distribution to obtain the number of events is now chosen from mi — 80 GeV to 
mi -|- 80 GeV independent from the value of mi corresponding to this reduction of the width. We 
always conservatively choose the range so that it coincides with the width of the KK gluon of mi = 2.5 
TeV. Table [2] shows signal-to-noise ratios in case of various masses of the KK gluon and kinematical 
cnts. The significance of the signal is increased in comparison with the case oi Nf = 6 due to the 
effect of narrower resonance, or smaller width of the KK glnon. Though the number of signal events 
are almost independent from Nf, the number of background QGD events behaves roughly as Nf due 
to the change of integration range. Therefore, the signal-to-noise ratio roughly depends on the inverse 
of the square root of Nf. If we take the criteria of discovery as that the value of signal-to-noise ratio 
is larger than 5, the LHC with ^/s = 14 TeV and luminosity 100 fb“^ has ability to detect mi < 6.5 
TeV with \y\ < 2.5 and mi < 7.4 TeV with \y\ < 1.5. The number of signal events is 92 when KK 
gluon mass is 7 TeV at \y\ < 1.5 with the integrated luminosity of 100 fb~^. 

It has been shown that the coupling between qnarks and KK glnon depends on the physics of 
Ynkawa coupling generation. Though our benchmark model gives the relation = y/2gs for light 
quarks (up and down quarks), it is not the model independent universal result. We introduce a new 
parameter / by replacing the coupling y/2gs with fy/2gs in previous formulae in case of Nf = 2. It 
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Reaches for / with f Ldt = 25 fb ^ 


maximum of y 

2.5 

2.0 

1.5 

^min _ 

Pt ~ 

30 GeV 


mi = 4 TeV 

0.62 

0.55 

0.50 

mi = 5 TeV 

0.80 

0.71 

0.64 

mi = 6 TeV 

- 

0.93 

0.83 

mi = 7 TeV 

- 

- 

- 

p™™ = 

500 GeV 


mi = 4 TeV 

0.58 

0.55 

0.50 

mi = 5 TeV 

0.78 

0.71 

0.64 

mi = 6 TeV 

- 

0.93 

0.83 

mi = 7 TeV 

- 

- 

- 


Reaches for / with f Ldt = 100 fb ^ 


maximum of y 

2.5 

2.0 

1.5 

^min _ 

Pt ~ 

30 GeV 


mi = 4 TeV 

0.52 

0.46 

0.42 

mi = 5 TeV 

0.67 

0.60 

0.54 

mi = 6 TeV 

0.88 

0.78 

0.70 

mi = 7 TeV 

- 

- 

0.92 

= 

500 GeV 


mi = 4 TeV 

0.49 

0.46 

0.42 

mi = 5 TeV 

0.66 

0.60 

0.54 

mi = 6 TeV 

0.88 

0.78 

0.70 

mi = 7 TeV 

- 

- 

0.92 


Table 3: Minimum accessible values of the parameter /( < 1) corresponding to 5a significance with 
various kinematical cuts at y/s = 14 TeV. Left and right tables correspond the case with the integrated 
luminosity f Ldt = 25 fb~^ and f Ldt = 100 fb~^, respectively. 


is easy to see that the value of / is less than 1 with general anti-symmetric functions instead of e(y) 
in Eq.([T]). Therefore, we investigate the result with a conservative range of 0 < / < 1. It is easy 
to translate the signal-to-noise ratio to any model with / 7 ^ 1. We may simply multiply to the 
signal-to-noise ratio in case of / = 1. We do not include / in the formula of decay width to avoid 
its underestimate for small value of / by complete disregard of the other decay channels to heavier 
quarks. The observable effect of 6 TeV first KK gluon with the significance over 5a is appeared in 
a case / > 0.78 for the integrated luminosity of 100 fb“^ with the kinematical cut \y\ < 2.0 and 
= 500 GeV, for example. We show in Table [3] the minimum accessible values of / in various cases 
of KK gluon masses and kinematical cuts. 

The KK gluon as an axial vector particle is also a special result in our benchmark model, which 
also depends on the form of the bulk mass, or depends on the physics of Yukawa coupling generation. 
If the KK gluon is not axial vector, its single production by gluon fusion through the triangle anomaly 
diagram may be signihcant, which have not been included in the above analysis. However, it has been 
shown that such a diagram vanishes in case of no chiral anomaly in QCD color current |29j . Therefore, 
we expect that gluon fusion does not contribute to produce KK gluons in GHU models. Even though 
it could contribute, it has been shown that the effects are negligibly small by general analysis [25]. In 
this way we can translate the results in our benchmark model to those in any GHU models with KK 
gluons. 

4 Summary 

We have examined the possibility of observing the first KK gluon in GHU models at the LHC exper¬ 
iments with ^/s = 14 TeV. We took a benchmark model with gauge symmetry SU(3)cx SU(3)u" in 
five-dimensional space-time. It is natural that the gauge symmetry of the strong interaction is intro¬ 
duced in the bulk as well as the gauge symmetry which reduces to the electroweak gauge symmetry. 
The fifth dimension was compactified on jZi 2 orbifold. Quarks, especially up and down quarks, were 
introduced as bulk fields with bulk masses so that their non-trivial configurations in fifth dimension 
could generate appropriate Yukawa couplings with the Higgs doublet field. Though the couplings of 
the first KK gluon to up and down quarks depend on bulk masses, we argue that the values of the 
couplings are the same in good approximation, since the Yukawa couplings of up and down 

quarks are very small. It is worth to mention that in the models in which quarks are localized at 
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orbifold fixed points, it has been shown that the couplings of KK gluon with massless quarks are also 
pQ]. In our benchmark model we assumed that the couplings to the other four quarks were 
also the same value, by which we could start from wide resonance structures in dijet invariant mass 
distributions. The contribution of the first KK gluon in this benchmark model to the dijet invariant 
mass distributions at the LHC was investigated with various rapidity cuts and px cuts in the parton 
level. In cases of the integrated luminosity of 25 fb~^ and 100 fb~^ we estimated signal-to-noise ratios, 
S/y/B, with kinematical cuts of jet rapidity \y\ < 2.5, 2.0 and 1.5 and jet px > 30 and 500 GeV. 
We found in this benchmark model that in case of the integrated luminosity of 100 fb~^ the first KK 
gluon mass up to 6.2 TeV and 7.2 TeV could be excluded at 5a level with rapidity cuts \y\ < 2.5 and 
\y\ < 1.5, respectively. 

The dependence of the results on the models of GHU was examined first by assuming that the 
couplings of four heavier quarks than up and down quarks did not couple with the first KK gluon. 
In case of the integrated luminosity of 100 fb~^ the first KK gluon with mass up to 6.5 TeV and 7.4 
TeV could be excluded at 5a level with rapidity cuts \y\ < 2.5 and \y\ < 1.5, respectively. We further 
introduced a parameter / in order to apply the results in the model with Nf = 2 to general GHU 
models with KK gluons. The coupling between the first KK gluon with up and down quarks, V^gs, 
was replaced by fy/2gs, since it could depend on the physics of Yukawa coupling generation. The 
signal-to-noise ratios in the benchmark model were easily translated to those of the general models 
by multiplying the factor /^. We have investigated the minimum accessible values of / corresponding 
to 5 c7 significance with various KK gluon masses and kinematical cuts. We found, for example, that 
/ > 0.78 is necessary to observe the signal of 6 TeV first KK gluon with integrated luminosity of 100 
fb“^ under \y\ < 2.0 and px > 500 GeV. 

More detailed analysis beyond the parton level requires the techniques of Monte Garlo simulations. 
It could be possible that the constraint to the size of the compact space would be stronger than that 
was obtained from the effects of KK weak bosons. It would be interesting to clarify whether or not the 
obtained constraint contradicts to the observed electroweak scale in concrete promising GHU models. 
It is also important to investigate the strategy to distinguish the signal of KK gluons of GHU models 
from similar in other models. Investigations into the width, the angular distributions of dijets and 
searching for the second KK gluon are possible strategies. We leave these issues to future research. 
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